The policy of the water sector demands integrated and resilient asset management. The majority of 9 current research focuses on urban or community asset systems. To provide a fully integrated 10 approach, one needs to delineate the focus of asset management at a catchment scale, to include 11 the natural capital. The research described in this paper introduces such an approach, with the 12 Environmental Regional Input-Output (E-RIO) analysis at its core. 13
Introduction 24
The World Forum for Natural Capital (i.e. the world's natural systems, such as aquatic systems land, 25 and their deriving services) relates the poor management of the natural environment with 26 catastrophic consequences on ecosystems productivity, human wellbeing and financial resilience 27 (Natural Capital Initiative 2015) . In these grounds, the United Nations Natural Capital Declaration 28 (NCD, UNEP 2012) demonstrated the commitment of financial institutions of the private and 29 commodity sectors to integrate Earth's natural assets in their reporting, accounting and decision-30 making. A considerable number of business initiatives have emerged since, aiming at the integration 31 of natural capital in financial decision-making with special focus on awareness raising, business 32 encouragement and publications (Maxwell et al. 2014) . 33
An essential action requested under the NCD is for companies to disclose the nature of their 34 dependence and impact on Natural Capital through transparent qualitative and quantitative 35 reporting. Several policy initiatives (e.g. UN System for Environmental-Economic Accounting, SEEA) 36 and programs (e.g. World Bank Wealth Accounting and Valuation of Ecosystem Services, WAVES, 37 https://www.wavespartnership.org/) provide a basis for resources accounting through the 38 application of accounting techniques in environmental science and the management of natural 39 flows, but these focus on the economic valuation of natural capital and its ecosystem services. 40 Limited work has been undertaken for the evaluation of whole systems and for the integration of 41 M A N U S C R I P T
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accounting methods into systems modelling that would allow for the reporting and analysis of the 42 mutual relationships among built, financial and natural assets. 43
Recent works Paterson et al. 2015; Xu et al. 2015; Rudell et al. 2014 ) demonstrate 44 the essence of transcending disciplinary silos for the development of systems approaches in 45 integrated water resources management. In these studies, the focus is on urban water systems at 46 city or community level; yet their research findings apply to multiple water systems. These works 47 demonstrate the need to consider and integrate the natural water cycle in urban planning and policy 48 by creating consistent and robust methodologies (Paterson et al. 2015; Xu et al. 2015; Norton and 49 Lane 2012) . These works also indicate that more research is needed to implement the principles of 50 systems thinking in the complex water environments, while the development of more practical 51 applications and case studies is crucial to achieve it. 52
The creation of whole system approaches would enable multi-viewpoint analysis as well as 53 combined systems' analysis. This would prove of particular use for the commodity sector, e.g. the 54
water industry, as the delivery of their services depends on the provision of both physical and 55 natural assets. The UK water sector is officially encouraged to become more resilient by adopting 56 integrated approaches to their asset management with the purpose being to achieve a balance 57 between financial costs and environmental impacts (Defra 2016 , OFWAT 2015 UKWIR, 2014) . In the 58 meanwhile, the creation of approaches that would enable businesses to integrate natural capital in 59 their planning and practice has been recognised as a priority area for future research (Natural 60
Capital Initiative 2015). 61
The research described in this paper responds to the demand for approaches that allow for 62 transparent reporting on the dependencies of the water sector on natural assets. The 'Catchment 63
Metabolism' (CM) concept and modelling schema, a structured, transdisciplinary approach for 64 modelling catchments systems and gathering data for integrated asset management purposes is 65 introduced. The synthesis of well-established methods and tools available from other disciplines are 66 used in synergy to shape the basis for integrating natural capital in the strategic planning schemes of 67 the water industry. The whole-system approach developed is based on the principles of integrated 68 catchment management (ICM), water accounting and environmental regional input-output analysis 69 (E-RIO). It builds on a combination of concepts and methods that have been reviewed and approved 70 for their ability to address sustainability issues (Little et al. 2016; Ma et al. 2015; Paterson et al. 71 2015; Xu et al. 2015; Rudell et al. 2014) , and shape optimised planning strategies 72 Rudell et al. 2014; Daniels et al. 2011) for better resource efficiency. The CM schema offers a 73 conceptual approach where researchers and end users can conceptualise catchment systems and 74 their processes, which is essential for integrated water resources management (Macleod et al. 75 2007) . 76
The outputs of this research will be used by our industrial partner to demonstrate they are meeting 77 the UK national policy demands for integrated and resilient asset management. The CM modelling 78 schema responds to the need for evidenced based approaches, which can be used in the practical 79 application of sustainability and systems thinking principles in the water industry. It is tailored to 80 address current challenges of the water sector and its design enables practitioners to apply research 81 advancements. One of the advantages of the schema is that systems-thinking is required, hence, 82 collaboration among experts and stakeholders within the water sector occurs. This reflects the 83 transdisciplinary nature of the work. 84
Despite its structured and comprehensive design, it is a rather sophisticated and data intensive 85 methodology which requires collaboration among experts and the automatisation of processes in a 86 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT later stage. The application of the schema in diverse typologies of catchments is required to evaluate 87 its flexibility and highlight areas for future improvement. More case study applications may provide 88 further practical insights and facilitate the integration of the approach in every day practice. 89
The paper is organised as follows: after the introduction, the system boundaries of the research and 90 the creative process for identifying the appropriate techniques used to formulate the underpinning 91 methodology are described. The synthesised approach is then presented and the Catchment 92
Metabolism modelling schema is applied to a 'live' water sector case study. The paper concludes by 93 discussing the future steps for the practical application of the schema in the UK water sector. 94
Setting the System and Research Boundaries 95
The catchment is selected as the unit of analysis as the most suitable scale to assess water 96 sustainability (Papacharalampou et al. 2015; Nafi et al. 2014; Hester and Little 2013) and the 97 interactions between the different types of capital (Pérez-Maqueo et al. 2013) . In this paper, 98 catchments, as defined from a hydrological perspective, (i.e. the geographical area within which a 99 surface watercourse or a groundwater system delivers its water) are the regional scale of interest. 100
They are defined as hybrid integrated systems, which include both natural elements (biosphere) and 101 infrastructure (technosphere); thus, they are defined and conceptualised as complex asset systems. 
131
A more holistic approach, informed by analysis of the system's inputs and outputs, is required in 132 order to improve decision-making and in time, the overall condition of the Poole Harbour and its 133 catchment (Papacharalampou et al. 2015) . 134
Creating the Catchment Metabolism modelling schema 135
The Catchment Metabolism (CM) schema is designed on a robust, transdisciplinary basis but is also 136 practical, so that it can be easily used from water practitioners. Its feasibility to serve everyday 137 practice is validated through an industrial case study in collaboration with the regional water 138 company. The section gives an overview of the rationale of the creation of the modelling schema 139 and its underpinning concepts and tools. The explanatory brainstorming diagram outlines the 140 synthesis of the transdisciplinary methodology ( Figure 2 ). The term 'transdisciplinary' is used to 141 describe the approach that involves the collaboration between two or more disciplines with high 142 levels of interaction, causing the development of a new conceptual, theoretical and methodological 143 frameworks, after Leavy 2011. Further, for the undertaken research described in the paper, the 144 concept of transidsciplinarity is utilised as a means to bring policy requirements into academic 145 research (Stavridou and Ferreira 2010; Pohl 2008) . 146
The divergence of the work and the lack of previous relevant approaches in the field of asset 147 management required an extensive literature review to be performed. This mainly focussed on 148 identifying and analysing the tools for integrated environmental-economic accounting widely used in 149 other fields and been applied in different scales (e.g. infrastructure asset systems, community, city). 150
Transdisciplinary approaches have emerged as a research process to address the complexity of 151 systems and require the methods to be constructed around the research goal (Leavy 2011; Walter et 152 al. 2007 ). For the formulation of the CM, it was hypothesised that the currently analysed tools could 153 be applied for the creation of catchment-based approaches for asset management purposes. For the 154 hypothesis to be held true the tools need to account for both the natural and the built capital on a 155 catchment basis. 156
The initial intention was to create an approach that would enable to achieve the research goal 157 through the application of life cycle management and the tool of Life Cycle Assessment (LCA) at a 158 
176
Industrial Ecology (IE) outlines the analogy between the industrial system (anthroposphere) and the 177 natural environment (biosphere) and consists a framework towards practical sustainability. It has 178 been applied for the optimisation of material cycles within the industrial systems as it serves for the 179 development of symbiotic relationships among industries and treats the industrial system as a 180 complex organism with unique metabolic rules (Suh and Kagawa 2005) . The basic methodologic 181 concept of IE is that of 'industrial metabolism', which is a descriptive and analytical concept based on 182 the principle of the conservation of mass applied for the understanding of the complex patterns and 183 dynamics of flow and stocks of material and energy within the industrial system. Industrial 184
Metabolism has been widely applied in the urban context, as summarised by Clift et al (2015) and 185 involves a range of methods (e.g. Life Cycle Assessment, Material Flow Analysis) which have served 186 planning and development purposes especially in the form of regional flow analysis (Brattebø 2003; 187 Erkman 2003) . 188
Despite the recognised value of the concept of IE in strategic sustainable development (Korhonen 189 2004) , its applications in water-related studies is rather limited (Núñez et al. 2010) . Recent water-190 related IE applications focus on the development of indicators for effective water management 191 (Ziolkowska and Ziolkowski 2016; Farreny et al 2013) , the formulation of models for water demand 192 and pricing (Dharmaratna and Harris 2012; Morales-Pinzón et al. 2012) or the environmental 193 assessment of municipal and urban systems (Lemos et al. 2013; Oliver-Solà et al. 2013 ) and cultural 194 services (Farreny et al. 2012). 195 M A N U S C R I P T whilst the crux of WFA is water management in a given geographic area. Over the last years, a 212 number of reviews on both methodologies have been performed (Kounina et al., 2013, Berger et al., 213 2010) alongside critiques (Wichelns 2015; Chenoweth et al. 2014; Tillotson et al., 2014; Yang et al. 214 2013) mainly in regards to the limitations of the methodologies in terms of their policy relevance, 215 data accuracy, methodological approaches and conceptual consistency. Attempts to pursue 216 methodological harmonisation between LCA and footprint research are strongly encouraged in the 217 literature. 218
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Recent case studies (e.g. Zhi et al. 2014; Hubacek et al. 2011; Yang et al. 2010 , Yu et al. 2010 ) have 219 focussed on the combined use of water footprint with Input-Output Analysis (IOA) as a means to 220 inform regional or national decision-making. 221
Input-Output Analysis (IOA) was introduced in 1930's as an analytical framework to investigate the 222 economic transactions between the various sectors of an economy. Since, it has evolved and been 223 widely applied in a large number of studies and fields (Hubacek et al. 2011 ) as a method for 224 systemically quantifying the mutual interrelationships within a complex economic system and has 225 proven valuable in IE studies for the compilation of statistical data at a national or sectorial level 226 (Suh and Kagawa 2005) . Economic input-output modelling has also been used for environmental 227 systems analysis. Environmental input-output analysis (E-IO) and its regional extensions 228 (Environmental Regional Input-Output, E-RIO) have emerged as popular and promising frameworks 229 for sustainability analysis (Wiedmann et al. 2011; Hendrickson et al. 2007 ). E-IO enables assessment 230 of natural resources and pollutants embodied into goods and services and in their supply chains 231 along the economy. Regional input-output (RIO) analysis enhances this capability by mapping the 232 geography of the resource use, emissions and other environmental effects and provides a spatially-233 explicit framework than can assist in assessing environmental impacts. This ability of 'geo-position' is 234 vital for assessing sustainable scale and impacts for many environmental resources, especially for 235 water, since its sustainability and management is considered at a local level (Daniels et al. 2011) . The 236 recent applications Zhi et al. 2014; Hubacek et al. 2011; Yang et al. 2010 , Yu et al. 2010 show 237 progress in the integration of geographical information and process-based water footprints (WFs) in 238 input-output models and accounting tables. The result of the transferral of MFA data to the PIOT is that the output produced by each production 249 chain is split among various columns, where each column refers to a specific economic sector. A full 250
PIOT can show the material flows between sectors (industry by industry) or the materials required to 251 transform other materials in the production process (materials by materials or commodity by 252 commodity). In general, a PIOT is a tabular scheme in which a certain number of economic activities 253 or sectors are represented by their material input and output. Nebbia (2000; 1975) outlines a type of 254 PIOT aiming to capture the circularity of industrial metabolism in terms of a "natural history of 255 commodities" -from the environment, and back to the environment. At the heart of Nebbia's PIOT 256 is an economic-ecologic accounting carried out by the principles of commodity science to determine 257 the intersectoral flows between and within the biosphere and the technosphere. The distinguishing 258 feature of this approach is that also the biosphere, not just an economic system is divided in sectors, 259 between which intersectoral flows may occur. As analysed in De Marco et al (2009) , the general 260 formation for the construction of a Nebbia's PIOT can be synthesised in a table which is initially split 261 in four different quadrants: 262
where aii represents flows within the biosphere, aji resources 'sold' from the biosphere to the 263 technosphere (e.g. water used in production processes), aji material flows from the technosphere to 264 the biosphere (e.g. waste disposed or emissions) and ajj commodities exchanged between different 265 technosphere sectors (e.g. electricity 'sold' to production processes). 266
From this PIOT one can compute the 'physical' mass of materials absorbed by final consumption, 267 including exports and stocks, minus the imports. However, its application to date excludes the mass 268 of water which circulates through the natural and economic systems (e.g. embedded water in 269 products). The major shortcoming of PIOTs is that all flows are accounted in one single unit; thus, 270 the consideration of the qualitative differences of materials flows in terms of different 271 environmental impacts is very limited (Giljum and Hubacek 2009 ) and more research needs to be 272 undertaken to overcome this issue. 273
Undertaking the steps to construct a PIOT that would represent outputs of the sectors within the 274 complex catchment system, a tremendous amount of data is required, along with the contribution of 275 multiple experts. To overcome this challenge, a functional modelling language-IDEF0-is introduced 276 in the schema. IDEF0 (a compound acronym deriving from Icam DEFinition for Function Modelling , 277
National Institute for Standards and Technology, 21 December 1993) is a method designed to model 278 the decisions, actions, and activities of an organisation or a system. It has been applied, but is not 279 limited, to topics such as strategic planning, hybrid systems design and business process 280 reengineering (Feldmann, 1998) and has proven useful for handling complexity and bridging 281 communications gaps between various actors involved in a system. Recent research (Settanni et al. 282 2015 (Settanni et al. 282 , 2014 Šerifi et al. 2009 ) highlights the applicability of the method across disciplines and 283
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sectors, for the development of modelling approaches for product service systems (PSS), for 284 measuring performance and outcomes of asset systems and for designing software packages. 
297
Summing up the creation of the Catchment Metabolism modelling schema, a structured, creative 298 and transdisciplinary approach was followed and a number of concepts and techniques were 299 synthesised. The concept of metabolism derives from the field of Industrial Ecology and has been 300 used as the conceptual basis of the modelling schema. Material Flow Analysis (MFA) and its Physical 301
Input-Output Tables (PIOTs) formulate the reasoning for flow accounting within the catchment 302 systems and construct the format of the Catchment PIOT. The structure of the Catchment PIOT is 303 based on the PIOT introduced by Nebbia (2000; 1975) , which was originally designed to represent 304 the inputs and outputs of economic activities (e.g. sugar production) or sectors (e.g. metallurgy) of 305 an economy. For the Catchment PIOT, each of the stakeholders of the catchment is split into sectors. 306
The flows captured in the PIOT are the outputs of the activities occurring among the sectors of the 307 catchment. Input-Output Analysis (IOA) and its environmental extensions are used as tools to 308 M A N U S C R I P T
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account for the multiple flows of the complex catchment system in a constructed approach. Water 309 Accounting methods provide the metrics for water flow accounting in multiple systems. The IDEF0 310 model has been selected to serve as a method to collect and depict information for the subsystems 311 of the catchment and to bridge communication gaps among the experts involved in the process of 312 integrated catchment management. 313
The Catchment Metabolism in practice 314

Constructing the Catchment PIOT: a step-by-step process 315
The creation of the Catchment Metabolism (CM) schema is based on the combined use of the 316 concepts and tools as analysed in the precious section. A number of steps are undertaken in order to 317 depict and map the metabolism of the selected system. The Catchment Physical Input Output Table  318 (Catchment PIOT) is constructed through a sequel of interlinked stages which add value to the 319 modelling schema. 320
The Catchment PIOT is developed as a structured way to map the metabolism a catchment, which 321 essentially refers to the inter-industrial relationships taking place within the system's boundaries. 322
The metabolic relationships of the catchment compartments are mapped over a period of a year. 323
This time scale has been chosen in order to serve practical and scientific purposes and also comply 324 with the rules of the original PIOTs. The Catchment PIOTs can also be constructed for the wet and 325 dry periods of each year, so that variations of the flows circulated in the system are depicted. 326
In order to gain insight in the natural processes occurring within the selected scale, the breakdown 327 of the biosphere in its metabolic compartments is introduced in the Catchment PIOT, following the 328 terminology of MFA. Therefore, the quadrant aii -which represents the flows within nature -is split 329 into: Atmosphere (Air), Hydrosphere (Water), Pedosphere (Soil) and Lithosphere (Geology). This 330 alteration provides a better understanding of the natural occurring processes of the ecosystem of a 331 catchment which affect its economic activities, e.g. agriculture. As a result, one can fit in the PIOT 332 the water volumes circulated within the catchment system; the water flows circulating in both 333 biosphere and technosphere. 334 
344
For the selected case study as described earlier in the paper, we observe the presence of three main 345 water-related 'industries': Ecosystem, Water Company, Agriculture. In this catchment, the origin of 346 water available for use in the technosphere (urban water cycle, agriculture) is mainly groundwater; 347 surface water flows are also accounted because of the import of water trade volumes from adjacent 348 catchments. These two activity categories produce different wastewater, in terms of its quality and 349 quantity, as well as character, referring to point and diffuse pollution respectively. The quality of the 350 return flows to the aquifers strongly depends on the intensity of agricultural activities. The infiltrated 351 water is then abstracted to re-participate in the water cycle and its quality, mainly in terms on 352 nutrient load influences the intensity of the water treatment process, especially in relation to the 353 energy consumed. 354
After the identification of the key water actors and the role of their activities within the catchment 355 boundaries, the metabolism of the most critical subsystems needs to be studied. The criticality of 356 the subsystems selected reflect both the scope of the work and the key-issues in the designated 357 catchment. 358 IDEF0 diagrams are produced for each the identified "industries" or actors, analysing the inputs, 359 outputs, controls and mechanisms of their subsystems. The IDEF0 model for the actor 'ecosystem' is 360 produced as an exemplar analysis ( Figure 5 ). The water cycle is investigated as the main ecosystem 361 function. Same principles and representations are to be used for the other critical subsystems of the 362 catchment. 363 
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The IDEF0 model analyses the subsystems of the catchment system and gives an overview of their 366 main attributes: inputs, outputs, mechanisms and controls. In the first top-level diagram (A-0) the 367 purpose and the viewpoint of the model are stated. Then, the main actors and their contributions 368 towards achieving the scope of the model are presented (ΑΟ). In the next part of the model, the 369 focus shifts to the internal anatomy of the actors involved (Α1); in the example presented, the focus 370 is on the natural environment and thus the three natural cycles are depicted. In the last part of the 371 model (Α11), the life cycles or their stages are broken down into the involved sectors, resulting in a 372 pictorial factor analysis. For instance, choosing the natural water cycle as the focal point, the 373 processes (evapotranspiration, percolation, infiltration, run-off) occurring within the subsets of the 374 natural environment (atmosphere, pedosphere, lithosphere, hydrosphere respectively) are 375 demonstrated followed by the factors that control the natural process (e.g. the porosity of the 376 lithological formation controls the volume of the water infiltrated) and the mechanisms that result in 377 the natural output (e.g. the capillary mechanism drives percolation). 378
The latter part of the IDEF0 model (Α11) shapes the Catchment PIOT, as the sectors and their 379 processes formulate the columns of the produced table. Also, the information/data from the IDEF0 380 model are transferred in the tabular format to build a sector by sector (sector x sector) PIOT (Table  381 1). 382
In a next stage, the cells of the Catchment PIOT are filled in using indexes from Water Accounting, 383
where the output of each of the sectors (row) to the other sectors (column) are depicted. As a result, 384 each column represents the figures related to the inputs received by a single metabolic 385 compartment of the system. Similarly, to the original PIOT, this procedure assists to the visualisation 386 of the quantitative information relating to each component ('sector') of the catchment in the form 387 of inter-component exchanges. The Catchment PIOT is essentially a matrix of flows, both physical 388 and economic, circulating within the catchment boundaries. 389
The building blocks of the CM modelling schema are concrete steps (Figure 6 ) that synthesise a new 390 approach to asset management and to the representation of catchment systems. The paper focuses 391 on the design and the underpinning rules of the CM schema and does not elaborate on the use of 392 indexes for flow accounting or computation of outputs for the Catchment PIOT. This work will be 393 published by the authors in a separate article. 
The Catchment Metabolism schema in a water company 397
Applying the CM schema in practice requires the input from a number of experts, as for the needs of 398 this transdisciplinary methodology a wide spectrum of expertise is synthesised. Figure 7  399 demonstrates the types of experts and their individual contributions for the design and application 400 of the Catchment Metabolism schema. 401
The practical application of the schema is a rather comprehensive process which requires 402 collaborative action to be taken and the input from multiple experts. Throughout the process, an 403 asset manager and a catchment expert are heavily involved. These roles can be fulfilled by 
Discussion 432
The paper adds to the limited literature on the systemic approaches used to date for the integration 433 of natural capital in the asset management portfolio of the water sector. The work stresses the 434 importance of assessing water-related issues and decision-making at a catchments scale and 435 demonstrates a structured approach to achieve this. Relevant research undertaken in other scales, 436 such as urban, peri-urban or community levels, would provide insights in methodological 437 advancements that would then be re-adjusted to inform the catchment-based approaches. 438 M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
The coherent structure of the Catchment Metabolism modelling schema could inform the design of 439 integrated catchment management strategies and assist the successful implementation of 440 catchment-based initiatives. It introduces new patterns in conceptualising and modelling a 441 catchment, collecting data and displaying information which allows for a better understanding of the 442 sub-systems of complex systems and facilitates communication among stakeholders and regulatory 443 bodies. The creation and further development of systemic approaches at this scale would respond to 444 the need for prove effective tools which support strategic decision-making and would be particular 445 interest to multiple stakeholders, ranging from water companies to policy-makers. 446
The systemic approach introduced is concise, scalable, flexible, re-producible and easy to use, as it is 447 a step-by-step process. Although the focus of the paper is the water cycle, the underpinning 448 methodology of the modelling schema can be applied to other studies looking at the water, carbon 449 or nitrogen natural cycles. In addition, the current work presents its application at a wide catchment 450 (water basin) scale. However, it can be applied to diverse catchment systems, varying in size (from 451 sub-catchments to tributaries) and metabolisms. The scope and scale of application may vary, but 452 the underpinning rules applied and the steps undertaken would remain the same. Thus, for the 453 reproduction of the approach for other catchment systems, the experts involved would need to 454 follow the structured step-by-step procedure outlined in the paper. The clearly defined building blocks of the CM schema make it modular: parts of the methodology can 461 be disseminated to experts and then assembled to formulate the modelling schema The tools 462 utilised to synthesise the methodology contribute to the delivery of a coherent approach and can all 463 be reproducible from the actors involved in asset and catchment management projects. Based on 464 the popular concept and methodology of environmental input-output analysis (E-IO) the CM 465 modelling schema opens the black box of natural flow accounting for business purposes. The 466 Catchment PIOT captures the flows occurring both in the interface of biosphere and technosphere, 467 but also within the biosphere alone. 468
Recent works (Pedro-Monzonís et al. 2016; Hein et al. 2015; Dimova et al. 2014; Obst and Vardon 469 2014; Čuček et al. 2012) have demonstrated that the environmental and water accounting 470 approaches, although simple in nature, are resource intensive and require the collection of data 471 from multiple stakeholders and the aggregation of information at different scales. The application of 472 the CM modelling schema suffers from the same issues while the dubious availability of the datasets 473 and the aggregation of information in a uniform format increases its complexity. The 474 transdisciplinary character of such works stress the need for knowledge exchange and alignments of 475 perspectives. More exemplar case study applications may provide further practical insights and 476 facilitate the integration of the methodology in every day practice. Nevertheless, the introduction of 477 functional modelling (through IDEF0) for data collection and information display facilitates these 478 tasks and creates common ground for information display in a concise way. The inclusion of 479 information regarding the controls and mechanisms of a system or a process allows for holistic views 480 and approaches to be implemented. 481
The complexity of the endeavour of modelling aspects of the water cycles has been highlighted in 482 literature (e.g. Valipour et al. 2015) although the value of the existing hydrological models for 483 decision-making purposes is challenged (Haberlandt et al. 2009 ). The transparency of the CM 484 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT modelling schema enables the detailed mapping of each of the subsystems of a catchment system 485 and highlights the complexities of a catchment system which can be modelled and addressed by 486 hydrological models. It therefore enables the integration of the outputs of existing hydrological 487 models into policy and decision-making. It can also highlight areas where more robust models are 488 required. It can also assist identifying data priorities, the optimum granularity level for data 489 gathering, along with the most appropriate data formats for value adding activities, such as the 490 improvement of available models. 491
There is an emerging consensus that accounting for environmental assets-including water resources 492 -would provide a valuable, comprehensive and integrated information set to guide environmental 493 management and monitoring and policy-making (Hein et al. 2015; Obst and Vardon 2014) in public 494 and corporate levels. Likewise, as Richter (2003) suggests, the use of environmental flows research 495 allows for a clearer explanation about the distinction between ecosystem functions and ecosystem 496 services. Indeed, the methodology presented sheds light on this confusion: the function occurs as 497 part of the stakeholder 'ecosystem' and the outputs of the function are either environmental flows -498 those that return to the environment-or ecosystem services -which are the 'economic flows' of the 499 biosphere to the technosphere, therefore, the contribution of the environment to the human 500 wellbeing. Making use of the literature on the economic valuation of ecosystem services, economic 501 values and costs can be estimated for all quadrants of the Catchment PIOT. Therefore, it can serve as 502 the ground to build an economic model. The supplementary use of Earth System Modelling (Arbault 503 et al. 2014 ) would provide further details on how flows are circulated within the catchment 504 boundaries, especially for those 'critical' flows for the environment, e.g. stock flows. 505
Conclusions 506
The research described in this paper provided a novel, structured and systemic approach for asset 507 management schemes in the water sector. The approach enables the integration of natural assets in 508 the water sector's portfolio and contributes to the limited literature of the approaches on 509 transparent flow accounting and industrial reporting. The Catchment Metabolism is a modelling 510 schema built on a transdisciplinary basis. Drawing from literature on ecosystem functions, their 511 deriving services and catchment-based water resources management, the underpinning research 512
shows the need for synthesis of concepts and methods for integrated strategic planning in the water 513 sector. 514
The building blocks of the methodology have been analysed and introduced via a selected case 515 study. Following its clear principles and stages, the modelling schema is reproducible for other 516 catchments and can serve both asset and catchment management applications, whilst facilitating 517 communication among experts and regulators. The structured methodology underpinning the 518 modelling schema provides an opportunity for standardising an approach which allows water 519 companies to explicitly account for natural capital and respond to current policy demands for 520 resilient and long-term investment planning. 521
After having introduced the conceptual part of the Catchment Metabolism modelling schema and 522 the principles of its underpinning methodology, future work will focus on finalising the selection of 523 the metrics and indexes that best describe catchment flow accounting and can convert the 524 Catchment Physical Input Output Table into a matrix of flows. Based on the principles of input 525 output analysis and matrix algebra, the computation structure of the Catchment Metabolism will 526 then be created, allowing for computations to be performed. After the finalisation of the inventory 527 stage, system dynamics modelling will be used in synergy with the Catchment Metabolism 528 underpinning methods for the assessment of the environmental performance of selected asset 529 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT management strategies. This would include the assessment of their environmental impacts and 530 would contribute to the creation of region-specific characterisation factors. 531 M A N U S C R I P T
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